F ibrillary glomerulonephritis (FGN) is a rare disease that was first described in the literature by Rosenmann and Eliakim in 1977 1 and was later recognized as a distinct glomerular disease by Duffy et al. in 1983. 2 Current diagnostic criteria for FGN require the demonstration of haphazardly arranged, straight fibrils measuring 10 to 30 nm in thickness in the mesangium and/or along the glomerular basement membranes by electron microscopy (EM). [3] [4] [5] [6] On immunofluorescence (IF), in most cases, the deposits stain for IgG, both k and l light chains, and C3. The majority of cases show IgG4 subtype restriction. On light microscopy (LM), most cases exhibit mesangial expansion/hypercellularity, with or without duplication of the glomerular basement membranes. In the vast majority of cases of FGN, these deposits are Congo red negative, which is important in distinguishing FGN from renal amyloidosis.
There are several limitations of the current means of diagnosing FGN. First, no single feature on LM, IF, or EM is pathognomonic of this disease. The LM finding of mesangial expansion and hypercellularity can be lacking in the early stage of disease and can also be seen in several other glomerular diseases such as IgA nephropathy, immunotactoid glomerulopathy, diabetic glomerulosclerosis, fibronectin glomerulopathy, and collagenofibrotic glomerulopathy. The IF findings can overlap with other forms of immune-mediated glomerulonephritis (such as lupus nephritis and membranous glomerulonephritis), with immunotactoid glomerulopathy, and with renal amyloidoses (including heavy and light chain amyloidosis, heavy chain amyloidosis, and AA amyloidosis with entrapped Igs). On EM, FGN can be difficult to distinguish from other glomerular diseases that exhibit fibrils or small microtubules, including amyloidosis, immunotactoid glomerulopathy associated with chronic lymphocytic leukemia, diabetic fibrillosis, and fibronectin glomerulopathy. Second, kidney biopsy samples may be limited, without glomeruli available for IF or EM. In these situations, a pathologic diagnosis of FGN is not possible without repeat biopsy. Third, because EM is labor intensive and expensive, it is not routinely performed in many pathology laboratories, particularly in the developing countries, and hence FGN is likely an underdiagnosed disease.
Through the use of laser microdissectionÀassisted liquid chromatographyÀtandem mass spectrometry (LMD/MS-MS), we recently discovered a novel proteomic biomarker for FGN: DnaJ homolog subfamily B member 9 (DNAJB9), a member of the molecular chaperone gene family. 7 In this work, we developed DNAJB9 immunohistochemistry (IHC) and tested its sensitivity and specificity for the diagnosis of FGN in a large cohort of patients. We also performed immunoelectron microscopy (immuno-EM) to determine whether DNAJB9 is localized to FGN fibrils.
MATERIALS AND METHODS

Study Patients
All FGN cases included in this study fulfilled the following previously established diagnostic criteria 5 : glomerular deposition of fibrils that were (i) randomly oriented, (ii) lacked hollow centers at magnification of <30,000; (iii) were Congo-red negative; and (iv) stained with antisera to Igs by IF. Table 1 shows the salient clinical characteristics at diagnosis and pathologic findings of the 84 Mayo Clinic FGN cases. The pathologic diagnoses of non-FGN glomerular diseases (NFGNGDs) and amyloidosis were made using current standard pathologic diagnostic criteria. Three of the FGN cases were included in our previously published clinicopathologic series on FGN. 
Immunohistochemistry of DNAJB9
All instruments and reagents were purchased from Ventana Medical Systems, Inc. (Oro Valley, AZ) unless otherwise specified. DNAJB9 IHC was performed on 4-mm-thick, formalin-fixed, paraffin-embedded tissue sections mounted on charged slides. Tissue slides were dried and melted in an oven at 68 C for 20 minutes. Slides were stained with an anti-DNAJB9 rabbit polyclonal antibody (catalog no. HPA040967; 1/75 titer; Sigma-Aldrich, St. Louis, MO) on a Ventana BenchMark XT system. The staining protocol included online deparaffinization, heatinduced epitope retrieval (HIER) with Ventana Cell Conditioning 1 solution (CC1) for 32 minutes, and incubation with the primary antibody for 32 minutes at 37 C. AntigenÀantibody reactions were visualized using Ventana OptiView Universal DAB Detection and OptiView Amplification Kits. Counterstaining was performed online using Ventana Hematoxylin II for 8 minutes, followed by bluing reagent for 4 minutes. Two renal pathologists (S.H.N. and M.P.A.) independently evaluated the stained tissues for DNAJB9 positivity without knowledge of the diagnoses. The Mayo Clinic Institutional Review Board approved this study, which was conducted in accordance with the Declaration of Helsinki.
Immunoelectron Microscopy
Immuno-EM studies were done on 8 renal biopsy samples from patients followed up at University Hospital of Poitiers (different from the 214 Mayo clinic cases), including 3 cases of FGN, 3 cases of AL-l amyloidosis, and 2 cases of immunotactoid glomerulopathy. Immuno-EM for DNAJB9 was performed using an anti-DNAJB9 rabbit polyclonal antibody (Sigma-Aldrich, St. Louis, MO) and a gold-conjugated goat anti-rabbit IgG as a secondary antibody (Sigma-Aldrich Chimie, Saint Quentin Fallavier, France). 9 Negative controls (i.e. by omitting the primary antibody) were run in parallel and demonstrated an absence of nonspecific staining with the gold-conjugated secondary antibody.
Positive controls were done using an anti-l antibody (in AL amyloidosis and immunotactoid glomerulopathy cases) and an anti-IgG antibody (in FGN cases).
Immuno-EM for IgG and l light chain was performed using polyclonal anti-g and anti-l rabbit anti-human antibodies (Dakopatts), and a gold-conjugated goat anti-rabbit IgG as a secondary antibody (Sigma-Aldrich Chimie, Saint Quentin Fallavier, France).
RESULTS
To determine the normal cellular distribution of DNAJB9, IHC staining was performed on tissue microarrays of normal tissues (Table 2) . Positive cells had a granular cytoplasmic staining pattern. Homogeneous (smudgy) extracellular deposits were not observed in any of the normal tissues. We then performed IHC staining for DNAJB9 on 214 kidney tissue samples, including 84 biopsy samples with FGN, 21 biopsy samples with renal amyloidosis, 98 biopsy samples with a large variety of NFGNGDs, and 11 samples (8 biopsy and 3 nephrectomy) from subjects without renal pathology. Table 3 shows detailed data on the diagnoses in these cases. DNAJB9 IHC staining was reported as positive if there was smudgy glomerular extracellular staining (i.e., mesangial with/without glomerular capillary wall staining, corresponding to the smudgy glomerular IgG staining observed by IF) and as negative if there was no smudgy glomerular extracellular staining. There was 100% concordance rate between the 2 renal pathologists 
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who reviewed the slides. We found strong smudgy DNAJB9 staining of the glomerular extracellular deposits in all cases of FGN (with 2 exceptions, discussed below), which was not present in any case of amyloidosis, NFGNGDs (with 1 exception, discussed below), or in healthy individuals (sensitivity of 97.6%, specificity of 99.2%). Figure 1 shows examples of IHC results from FGN, normal, and amyloidosis kidney biopsy samples. with polytypic IgG (i.e., staining for IgG, k, and l) and in all 6 cases (7%) with monotypic IgG (i.e., staining for IgG and 1 light chain) ( Table 1 ). Both patients with DNAJB9-negative FGN had clinical evidence of monoclonal gammopathy (detectable monoclonal protein in the serum and monoclonal plasmacytosis on bone marrow biopsy), whereas only 1 patient (17%) with monotypic FGN and 1 patient (1%) with polytypic FGN had clinical evidence of monoclonal gammopathy.
The single non-FGN case that was positive for DNAJB9 was a case of smoking and hypertension-related mesangial sclerosing glomerulopathy from a patient who also had hepatitis C virus (HCV) infection. In this case, there was very focal segmental smudgy DNAJB9 staining in 2 mesangial areas in a single glomerulus (out of 17 glomeruli sampled for LM), without glomerular IgG staining by IF or definitive evidence of FGN glomerular fibrillar deposits on EM. It is possible that this case represents a very early case of HCV-associated FGN in which the rare glomerular mesangial areas involved were not sampled for IF or EM. IHC staining for DNAJB9 was negative in 16 other cases of smoking and hypertension-related mesangial sclerosing glomerulopathy from non-HCV patients and in 2 cases of HCV-associated cryoglobulinemic glomerulonephritis. In 71% of FGN cases (60/84), smudgy staining (similar in quality and intensity to the glomerular staining) was also observed in the extraglomerular compartments, including focal staining of tubular basement membranes (45%, 38/84 of cases), staining of the intima of very rare arterioles or arteries (42%, 35/84 of cases), and staining of the basement membranes of very rare peritubular capillaries (30%, 25/84 of cases) (Figure 3a, b) . In 62% of these cases (37/60), focal smudgy to linear extraglomerular staining for IgG (weaker in intensity than the glomerular staining) was observed on IF (in a few tubular basement membranes, arterioles, and/or peritubular capillaries) (Figure 3d, e) . Extraglomerular FGN fibrils were observed in 27% (16/ 60) of these cases on EM (involving a few tubular basement membranes in most cases, and involving rare arterioles, peritubular capillaries, or interstitium in a few cases) (Supplementary Figure S2) . In 1 patient with FGN who underwent splenectomy for the treatment of idiopathic thrombocytopenic purpura, smudgy staining similar to the glomerular staining was observed extensively in splenic arterioles (Figure 3c ), which also showed smudgy staining for IgG by pronase IF (Figure 3f) , and randomly oriented fibrils by EM. No smudgy staining of tubular basement membranes, peritubular capillaries, or vessels for DNAJB9 was observed in any case of amyloidosis, NFGNGDs, or healthy subjects (including in normal tissue microarrays).
Among the 214 Mayo Clinic cases analyzed by IHC, 7 FGN cases that were positive for DNAJB9 by IHC were also analyzed by LMD/MS-MS (which detected abundant DNAJB9 protein in glomeruli 7 ), and 43 non-FGN cases (including 26 NFGNGDs, 12 amyloidosis, and 5 normal) were also analyzed by LMD/MS-MS (which did not detect DNAJB9 in glomeruli 7 ). We also performed LMD/MS-MS on the 2 cases of FGN that were negative for DNAJB9 by IHC (which detected spectra for Ig g heavy chain without spectra for DNAJB9 protein, data not previously reported).
Immuno-EM showed localization of DNAJB9 to FGN fibrils in all 3 cases of FGN (Figure 4, Supplementary  Figure S3 ), whereas no significant staining was observed in the 3 cases of AL amyloidosis or the 2 cases of immunotactoid glomerulopathy (Table 4 , Supplementary Figure S3 ). As expected, the fibrils of FGN showed IgG and l labeling, and the fibrils in AL-l amyloidosis showed l labeling (Table 4 , Supplementary Figure S3 ).
IHC performed on the 8 cases that underwent immuno-EM showed strong smudgy glomerular staining for DNAJB9 in all 3 FGN cases, whereas glomeruli in AL amyloidosis and immunotactoid glomerulopathy were negative (Supplementary Figure S4A) . Furthermore, LMD/MS-MS performed on these 8 cases detected abundant DNAJB9 protein in glomeruli in the 3 FGN cases (Supplementary Figure S4B) but not in AL amyloidosis or 
DISCUSSION
Currently, EM examination of glomeruli is required for diagnosing FGN. However, EM is not often available in pathology laboratories of developing countries because of its high cost. Even in developed countries (including some European countries), EM is not routinely performed in the evaluation of native kidney biopsy samples. 10 Hence, FGN is likely an underdiagnosed disease. Our finding of abundant DNAJB9 protein in glomeruli of 98% of FGN cases, but not in amyloidosis, non-FGN glomerular diseases, or normal glomeruli, indicates that testing for this biomarker is very valuable in the diagnosis of this rare disease. DNAJB9 IHC is a quick and inexpensive tool that could be used by most clinical laboratories throughout the world. We found that even in early and subtle FGN cases that cannot be suspected by LM, DNAJB9 IHC was positive in some mesangial areas. DNAJB9 IHC also helps to confirm the diagnosis of FGN in cases with a concurrent glomerular disease (which was present in 17% of our cases) (Table 1) .
Importantly, we did not detect DNAJB9 in cases of amyloidosis, diabetic nephropathy with fibrillosis, or fibronectin glomerulopathy, indicating that DNAJB9 IHC can distinguish FGN from other kidney diseases that are characterized by glomerular fibrillar deposits. As glomerular fibrillar deposits are not specific for FGN, we propose changing the name of this disease to "DNAJB9 fibrillary glomerulonephritis." Of note, DNAJB9 was not detected in 11 cases of immunotactoid glomerulopathy that were stained, supporting the current recommendation that FGN and immunotactoid glomerulopathy should not be lumped together as one disease because of different pathogenesis and notable differences in their clinical and pathologic characteristics. 3, 4, 6, 11 DNAJ protein family members are thought to act as co-chaperones to heat shock protein 70s (Hsp70s), 12 DNAJB9, also known as Mdg-1 or ERdj4, is a member of this family discovered in 2002 13 and is localized to the endoplasmic reticulum (ER), where it interacts with BiP in the ER lumen and stimulates its ATPase activity. It is upregulated in response to ER stress, suggesting that it might play a role in protein folding or ER-associated protein degradation. 13, 14 DNAJB9 is expressed in all healthy tissues. 13 We found variable (usually weak), finely granular cytoplasmic staining of tubular epithelial cells, glomerular cells, vascular smooth muscle cells, and rare interstitial inflammatory cells in many of our cases. This "background" granular staining should not be confused with the homogeneous smudgy and much more intense extracellular staining of glomerular deposits in FGN. Tubular casts and nerve bundles (when sampled) also showed nonspecific granular positivity for DNAJB9.
The pathogenesis of FGN is largely unknown. Because the glomerular deposits usually stain for IgG, k, and l but typically show IgG subtype restriction (usually IgG4), FGN is thought to represent an immune-complex type glomerulonephritis in which the IgG deposits are polymerized into fibrils (possibly due to their homogenous nature). 4 Indeed, 2 immunoelectron microscopy studies have shown colocalization of IgG, k, and l to the individual FGN fibrils. 15, 16 However, without biochemical analysis of fibrils, these data do not unequivocally establish that the fibrils are composed of IgG, and it remains possible that IgG is secondarily bound to already formed fibrils comprised of a yet-to-be-determined precursor protein. 11 Considering the high abundance of DNAJB9 in FGN deposits and, as we showed in this study, its localization to individual FGN fibrils, DNAJB9 could potentially be the precursor fibril protein. It is possible that during ER stress, a misfolded DNAJB9 molecule is formed (possibly facilitated by protein posttranslational modification) and deposited in glomeruli through entrapment and/or interaction with glomerular constituents, which then triggers an autoimmune response. Biochemical analysis of extracted fibrils from FGN patients, analysis of fibril structure, in vitro studies to investigate the kinetics of fibril formation, and determination of the source and triggers of DNAJB9 overexpression are needed to understand the etiology of FGN and the potential pathogenic role of DNAJB9 in this intriguing disease. Notably, we detected DNAJB9 not only in idiopathic FGN but also in FGN cases associated with HCV infection (n ¼ 6), which could be due to DNAJB9 gene upregulation as part of the adaptation mechanisms to HCV-induced chronic ER stress, 17 autoimmune disease (n ¼ 12), malignancy (n ¼ 8), and in FGN cases in the renal allograft (n ¼ 4) ( Table 1) Interestingly, the 2 (2%) cases of FGN that were negative for DNAJB9 are unusual in that they stained for IgG only (without k or l light chains) on IF. Both cases were associated with clinical evidence of monoclonal gammopathy, whereas only 17% of the monotypic FGN patients and 1% of the polytypic FGN patients had clinical evidence of monoclonal gammopathy. It is possible that in these 2 cases of DNAJB9-negative "atypical" FGN, the fibrils are composed of a truncated Ig gamma heavy chain, similar to heavy chain amyloidosis and heavy chain deposition disease. Further studies are needed to confirm this theory. This staining should be interpreted as negative for DNAJB9. Amyloid deposits are largely negative. Figure S2 . Extraglomerular fibrillary glomerulonephritis (FGN) fibrils. The figure shows randomly-oriented straight fibrils within a thickened tubular basement membrane in a case of FGN. (Electron microscopy, original magnification Â15,000; inset, original magnification Â50,000). Figure S3 . Immuno-electron microscopy findings. (A) Gold paraticles labeling anti-DNAJB9 bound to fibrillary glomerulonephritis (FGN) fibrils (FGN #3 in Table 4 , original magnification Â50,000). (B) No significant staining of amyloid fibrils for DNAJB9 is observed (AL amyloidosis case #1 in Table 4 , original magnification Â50,000). (C) Anti-IgG antibody is localized to FGN fibrils (FGN #1 in Table 4 , original magnification Â50,000). (D) Anti-l antibody is localized to amyloid fibrils (AL amyloidosis case #3 in Table 4 , original magnification Â50,000). Figure S4 . Immunohistochemical and proteomic findings in fibrillary glomerulonephritis (FGN) #2 patient in Table 4 . (A) There is strong smudgy mesangial staining for DNAJB9 by immunohistochemistry (original magnification Â200). (B) DNAJB9 expression in the same case. A single 10-mm-thick section was obtained from the formalin-fixed, paraffin-embedded biopsy sample and mounted on a Director slide for laser microdissection of glomeruli. Two replicate dissections, each configured to collect glomeruli from a total area of 60,000 mm 2 , were performed. Proteins were extracted from the fragments of each dissection and digested using trypsin as previously described. 18 Peptides were analyzed on a
QExactive mass spectrometer using LC-MS/MS as previously described. 19 Peptide tandem mass spectra (MS/MS) were processed using a previously described Bioinformatics pipeline 20 and proteins with at least two, unique, high confident (identification probability > 0.9) peptide identifications were considered to be present in the sample. The figure shows the number of MS/MS counts associated with each protein identification. DNAJB9 protein (FGN biomarker 7 ) is highlighted with a blue star. We did not detect any amyloid tissue markers or type markers in this biopsy (data not shown). Supplementary material is linked to the online version of the paper at www.kireports.org.
